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:   gene set enrichment analysis

MDSCs

:   myeloid‐derived suppressive cells

PDX
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:   regulatory T cells

Introduction {#ijc31310-sec-0001}
============

It is well recognized that the immune system has a dual role in cancer development, as cancers characteristically contain a variety of host immune cells that can either inhibit or promote cancer growth.[1](#ijc31310-bib-0001){ref-type="ref"}, [2](#ijc31310-bib-0002){ref-type="ref"} On one hand, intratumoral CD8^+^ T cells, NK cells and M1 macrophages, i.e. major effector cells of the host anticancer immune response, are aimed at eliminating cancer cells.[2](#ijc31310-bib-0002){ref-type="ref"}, [3](#ijc31310-bib-0003){ref-type="ref"} On the other hand, tumors also contain immunosuppressive cells, such as regulatory T cells (Tregs), myeloid‐derived suppressive cells (MDSCs) and M2 macrophages, that can promote cancer development by suppressing the host anticancer immune response.[3](#ijc31310-bib-0003){ref-type="ref"} Unfortunately, as cancers progress, intratumoral cancer‐induced immunosuppression becomes dominant.[4](#ijc31310-bib-0004){ref-type="ref"} Recent successes in cancer immunotherapy based on stimulation of the host anticancer immune response have underlined the importance of the latter in the fight against the disease.[5](#ijc31310-bib-0005){ref-type="ref"}

There is compelling evidence that epithelial cancers can suppress the anticancer immune response of the host by various mechanisms.[6](#ijc31310-bib-0006){ref-type="ref"} Thus reprogramed glucose metabolism, i.e. aerobic glycolysis, which is commonly used by cancer cells, leads to increased lactic acid secretion and a subsequent low, immune function‐inhibiting pH in their environment.[7](#ijc31310-bib-0007){ref-type="ref"}, [8](#ijc31310-bib-0008){ref-type="ref"} The acidification of the tumor microenvironment can suppress the host anticancer immune response as it has been found to promote expansion of intratumoral numbers of Treg cells and MDSCs and reduce intratumoral levels of CD8^+^ T cells and NK cells,[9](#ijc31310-bib-0009){ref-type="ref"}, [10](#ijc31310-bib-0010){ref-type="ref"} resulting in a lower ratio of intratumoral CD8^+^ T cells to Treg cells as observed in cancers of patients.[11](#ijc31310-bib-0011){ref-type="ref"} Such a role of cancer‐generated lactic acid has been demonstrated using B16 mouse melanoma allografts in immunocompetent C57BL/6 and Rag2^−/−^ mice. Thus a reduction of lactic acid secretion by the tumors, obtained by specific depletion of lactate dehydrogenase‐A (LDHA), led to lower numbers of intratumoral MDSCs and higher numbers of intratumoral NK cells and CD8^+^ T cells compared to controls.[10](#ijc31310-bib-0010){ref-type="ref"} As such, targeting aerobic glycolysis to reduce lactic acid secretion by cancer cells appears to be a useful strategy for restoring the host anticancer immune response.[7](#ijc31310-bib-0007){ref-type="ref"}, [8](#ijc31310-bib-0008){ref-type="ref"} This would lead to a higher ratio of CD8^+^ T cells to Treg cells, a higher number of NK cells and a lower number of MDSCs -- a signature associated with improved patient outcome.[12](#ijc31310-bib-0012){ref-type="ref"}, [13](#ijc31310-bib-0013){ref-type="ref"}, [14](#ijc31310-bib-0014){ref-type="ref"}, [15](#ijc31310-bib-0015){ref-type="ref"}

Aneustat (OMN54) is a first‐in‐class multivalent immuno‐oncology therapeutic, i.e. a mixture of extracts of Ganoderma lucidum, Salvia miltiorrhiza and Scutellaria barbata with anticancer activity, developed by Omnitura Therapeutics, Inc., USA. Recently, a Phase‐I Clinical Trial (NCTId: NCT01555242) has shown that Aneustat was well tolerated by patients. Furthermore, treatment with Aneustat led to a decrease in the levels of immune suppression markers in patients (e.g., TGF‐β),[16](#ijc31310-bib-0016){ref-type="ref"} indicative of an Aneustat‐induced reduction in cancer‐induced immunosuppression. As well, preliminary preclinical studies have indicated that Aneustat has anti‐inflammatory and immunomodulatory activities.[17](#ijc31310-bib-0017){ref-type="ref"} We have recently demonstrated, using a patient‐derived prostate cancer xenograft model, that combining docetaxel (used in first‐line treatment of advanced prostate cancer) with Aneustat led to much higher antitumor activity than the combined activities of the individual drugs, with indications that inhibition of aerobic glycolysis was involved.[18](#ijc31310-bib-0018){ref-type="ref"}

In our study, we investigated Aneustat with regard to effects on (i) aerobic glycolysis of LNCaP prostate cancer cells, a process underlying cancer‐generated lactic acid‐induced immunosuppression and (ii) immune system‐related processes such as macrophage differentiation and shifts in the levels of intratumoral host immune cells using LNCaP xenografts and first‐generation patient‐derived prostate cancer tissue xenografts.

Materials and Methods {#ijc31310-sec-0002}
=====================

Materials {#ijc31310-sec-0003}
---------

Chemicals, solvents and solutions were obtained from Sigma‐Aldrich, Oakville, Canada, unless otherwise indicated. Aneustat was supplied by Omnitura Therapeutics, Inc. (Henderson, NV).

Gene set enrichment analysis (GSEA) {#ijc31310-sec-0004}
-----------------------------------

GSEA is a computational method that uses statistical approaches to identify significantly enriched or depleted groups of genes between two biological states/groups.[19](#ijc31310-bib-0019){ref-type="ref"}, [20](#ijc31310-bib-0020){ref-type="ref"}

Cell cultures {#ijc31310-sec-0005}
-------------

Human LNCaP prostate cancer cells and mouse RAW264.7 macrophages were purchased from the American Type Culture Collection (ATCC; Manassas, VA). The cell lines were maintained as monolayer cultures in RPMI‐1640 medium (GE Healthcare HyClone; Mississauga, Canada) and DMEM medium (GE Healthcare HyClone), respectively, supplemented with fetal bovine serum (FBS 10%; GE Healthcare HyClone), at 37°C in a humidified incubator with a 5% CO~2~/air atmosphere. Cells were trypsinized to form a single cell suspension and counted using a TC20 Automated Cell Counter (Bio‐Rad; Mississauga, Canada). Cell viability was determined by Trypan blue exclusion.

Treatment of LNCaP and RAW264.7 cell cultures with Aneustat {#ijc31310-sec-0006}
-----------------------------------------------------------

LNCaP and RAW264.7 single cell suspensions were seeded into six‐well culture plates (starting concentration ∼2.5 × 10^5^ cells/well for LNCaP cells and ∼2 × 10^5^ cells/well for RAW264.7 cells) and incubated at 37°C in 5% CO~2~/air for 18 hr. Aneustat (dissolved in DMSO + Ethanol) or vehicle control (DMSO + Ethanol) were then added to the cultures for a further 48 hr incubation to assess the effects of Aneustat.

Quantitative real‐time PCR {#ijc31310-sec-0007}
--------------------------

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Inc.; Toronto, Canada) and cDNA was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen, Inc.) according to the manufacturer\'s instructions. Primers used were described in Supporting Information Table S1. qRT‐PCR reactions using KAPA SYBR FAST Universal (Kapa Biosystems; Wilmington, MA) were performed in triplicate in a ViiA 7 Real‐Time PCR System (Applied Biosystems; Foster City, CA). Expression levels of genes were normalized to HRPT1/Hprt1.

Western blot analysis {#ijc31310-sec-0008}
---------------------

LNCaP cells were treated with vehicle control and Aneustat for 48 hr; whole cell protein extracts were resolved on SDS‐PAGE using procedures previously reported.[8](#ijc31310-bib-0008){ref-type="ref"} Proteins were then transferred to PVDF membranes. After blocking for 1 hr at room temperature in 5% milk in TBS/0.1% Tween‐20, membranes were incubated overnight at 4°C with appropriate primary antibodies. Following incubation with secondary antibody, immunoreactive proteins were visualized with a SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific; Rockford, IL). The following antibodies were used: anti‐GLUT1 (ab115730, rabbit monoclonal antibody, Abcam; Toronto, Canada); anti‐LDHA (3582, rabbit monoclonal antibody, Cell Signaling Technology; Beverly, MA); anti‐MCT4 (sc‐50329, rabbit polyclonal antibody, Santa Cruz; Mississauga, Canada); anti‐actin (A2066, rabbit polyclonal antibody, Sigma). Actin was used to monitor the amounts of samples applied.

Glucose consumption and lactate secretion determinations {#ijc31310-sec-0009}
--------------------------------------------------------

LNCaP cells and RAW264.7 cells, treated with Aneustat for 48 hr or vehicle control, were assessed for glucose consumption and lactate secretion after another 8 hr incubation in fresh medium. Samples of the media were then taken and deproteinized with 10 K Spin Columns (BioVision; Milpitas, CA) prior to determination of glucose and lactate concentration using Glucose Assay Kit and Lactate Assay Kit (BioVision) as previously described.[8](#ijc31310-bib-0008){ref-type="ref"} Final concentrations of glucose and lactate were determined by normalizing to the total number of live cells.

ELISA of TNF‐α secretion {#ijc31310-sec-0010}
------------------------

RAW264.7 cells, treated for 48 hr with Aneustat or vehicle control, were used for TNF‐α secretion assessment after another 8 hr incubation in fresh medium. Samples of the media were then taken and the TNF‐α concentration was determined using Mouse TNF ELISA Set II (558534, BD Biosciences; Mississauga, Canada) following the manufacturer\'s instructions. The final concentration of secreted TNF‐α was normalized to the total number of live cells.

Animals {#ijc31310-sec-0011}
-------

Athymic nude mice and NOD/SCID‐IL‐2R‐γc‐KO (NOG or NSG) mice, bred in the BC Cancer Research Centre ARC animal facility (Vancouver, Canada), were housed in sterile micro‐isolator cages under specific pathogen‐free conditions. Food and water were sterilized prior to use. Temperature (20--21°C) and humidity (50--60%) were controlled. Daily light cycles were 12 hr light and 12 hr dark. Cages were completely changed once or twice a week. Animals were handled under sterile conditions. Animal care and experiments were carried out in accordance with the guidelines of the Canadian Council on Animal Care.

LNCaP xenograft mouse model and treatment with Aneustat {#ijc31310-sec-0012}
-------------------------------------------------------

LNCaP cells (in 1:1 HBSS:Matrigel) were grafted under renal capsules of male athymic nude mice (Simonsen Laboratories; Gilroy, CA; 2 groups; 5 mice/group; 4 grafts/mouse). Three weeks after engraftment, the mice were randomly distributed into two groups and treated with Aneustat (1,652 mg/kg; orally; Q1d × 5/3) or vehicle control (Tween 80 in saline solution; orally; Q1d × 5/3). The health of the mice was monitored daily. After 3 weeks, the mice were euthanized and tissue sections prepared for histopathological analysis.

First‐generation patient‐derived prostate cancer xenograft model, treatment with Aneustat {#ijc31310-sec-0013}
-----------------------------------------------------------------------------------------

Fresh patient metastatic prostate cancer lymph node tissues (obtained from the Vancouver General Hospital with proper patients\' consent and approved biosafety certificates and animal protocols) were grafted under renal capsules of male NOD/SCID‐IL‐2R‐γc‐KO (NOG or NSG) mice supplemented with testosterone as previously described.[18](#ijc31310-bib-0018){ref-type="ref"} After 10 days, the mice were randomly divided into two groups (3 mice/group; 4 grafts/mouse), and treated with Aneustat (1,652 mg/kg; orally; Q1d × 5/3) or vehicle control (orally; Q1d × 5/3). The health of the mice was monitored daily. After 3 weeks, the mice were euthanized and tissue sections prepared for histopathological analysis.

Immunohistochemical staining {#ijc31310-sec-0014}
----------------------------

Paraffin‐embedded tissue sections were prepared and immunohistochemical analyses were performed as previously described.[21](#ijc31310-bib-0021){ref-type="ref"} Anti‐mouse NK1.1 (CL8994AP, Cedarlane; Burlington, Canada), anti‐mouse Ly6G (127601, Biolegend; San Diego, CA), anti‐human CD8 (ab93278, Abcam; Toronto, Canada), anti‐human Foxp3 (14--7979, eBioscience; San Diego, CA), anti‐human CD33 (ab199432, Abcam) and anti‐human NCR1 (ab14823, Abcam) antibodies were used for immunohistochemical staining. Three fields of each slide showing positively stained intratumoral lymphocytes were selected and images taken (×400 for LNCaP xenografts and ×200 for first‐generation patient‐derived tumor tissue xenografts),[22](#ijc31310-bib-0022){ref-type="ref"}, [23](#ijc31310-bib-0023){ref-type="ref"} using an AxioCam HR CCD mounted on an Axioplan 2 microscope and ZEN 2.3 software (Carl Zeiss; Toronto, Canada). Positively stained cells in each image were counted. Prior to use, antibodies were tested for target and species specificity.

Statistics {#ijc31310-sec-0015}
----------

Statistical analysis was determined using GraphPad Prism 5 (GraphPad Software, Inc.; La Jolla, CA); otherwise the Student\'s *t*‐test was used. Results were considered statistically significant when *p* \< 0.05 and are expressed as means ± SEM.

Results {#ijc31310-sec-0016}
=======

Gene set enrichment analysis of gene expression profiles of patient‐derived prostate cancer tissue xenografts from Aneustat‐treated and control groups {#ijc31310-sec-0017}
------------------------------------------------------------------------------------------------------------------------------------------------------

Microarray data, obtained in a previous study of LTL‐313H patient‐derived prostate cancer xenografts treated with Aneustat (GSE48667), were filtered by removal of probes without corresponding gene annotations and probes without detectable expression levels (\<4 in log2 scale) as previously described.[18](#ijc31310-bib-0018){ref-type="ref"} The gene enrichment was analyzed using GSEA hallmark gene‐set signatures. As shown in Figure [1](#ijc31310-fig-0001){ref-type="fig"}, genes from the Aneustat‐treated group were positively enriched in Interferon‐α response, Interferon‐γ response and Complement, but negatively enriched in Glycolysis. The data indicate that treatment with Aneustat positively correlates with immune response and negatively with cancer energy metabolism.

![Enrichment of genes in Aneustat‐treated LTL‐313H xenografts relative to control. Gene enrichment in Aneustat‐treated xenografts relative to controls was analyzed using GSEA hallmark gene‐set signatures: (*a*) interferon‐α response, (*b*) interferon‐γ response, (*c*) complement and (*d*) glycolysis. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](IJC-143-419-g001){#ijc31310-fig-0001}

Inhibition by Aneustat of LNCaP cell proliferation and metabolism {#ijc31310-sec-0018}
-----------------------------------------------------------------

LNCaP cells were incubated with vehicle control or Aneustat (200 μg/ml), an effective dosage as determined in a previous study;[24](#ijc31310-bib-0024){ref-type="ref"} live cell numbers were counted at 24 hr and 48 hr. Aneustat markedly inhibited the proliferation of LNCaP cells showing inhibitions of 30% and 59% at 24 hr and 48 hr, respectively (Fig. [2](#ijc31310-fig-0002){ref-type="fig"} *a*). An 82% decrease in glucose consumption was observed, while lactate secretion was reduced by 56% (Fig. [2](#ijc31310-fig-0002){ref-type="fig"} *b*). Furthermore, the mRNA and protein expressions of key genes in the aerobic glycolysis pathway, i.e. *GLUT1* (glucose transporter), *LDHA* (enzyme to convert pyruvate to lactate) and *MCT4* (lactate transporter) were markedly downregulated by Aneustat (Figs. [2](#ijc31310-fig-0002){ref-type="fig"} *c* and [2](#ijc31310-fig-0002){ref-type="fig"} *e*). Other genes in the aerobic glycolysis pathway (*ENO1*, *PDHA1*, *PDK1*, *PGAM1* and *PGK1*) were not affected by Aneustat (Fig. [2](#ijc31310-fig-0002){ref-type="fig"} *d*). In contrast, the treatment with Aneustat led to upregulation of genes of the glutaminolysis pathway (Supporting Information Fig. S1).

![Effect of Aneustat on LNCaP cells. LNCaP prostate cancer cells were treated with Aneustat. Effect of Aneustat (200 μg/ml) on (*a*) cell numbers at 24 hr and 48 hr; (*b*) glucose consumption and lactate secretion at 48 hr; (*c* and *d*) mRNA expression of genes of the aerobic glycolysis pathway; (*e*) protein expression of GLUT1, LDHA and MCT4. The experiments were carried out independently (3×). \*\**p* \< 0.01; \*\*\**p* \< 0.001; NS: not significant.](IJC-143-419-g002){#ijc31310-fig-0002}

Aneustat‐induced differentiation of RAW264.7 macrophages to the M1 phenotype {#ijc31310-sec-0019}
----------------------------------------------------------------------------

Mouse RAW264.7 macrophages have been shown to exhibit a differentiation ability toward two phenotypes, M1 or M2: (i) their treatment with antigens/cytokines, such as lipopolysaccharide (LPS), can induce the M1 phenotype associated with increased secretion of TNF‐α (anticancer activity)[25](#ijc31310-bib-0025){ref-type="ref"} and (ii) treatment with IL‐4 can lead to the M2 phenotype associated with increased secretion of TGF‐β (pro‐cancer activity).[26](#ijc31310-bib-0026){ref-type="ref"} In our study, treatment with Aneustat did not affect the proliferation of the RAW264.7 cells (Fig. [3](#ijc31310-fig-0003){ref-type="fig"} *a*). However, Aneustat markedly changed the morphology of the cells from round to dendritic‐like (Fig. [3](#ijc31310-fig-0003){ref-type="fig"} *b*) and increased the secretion by the cells of TNF‐α, a marker of the M1 phenotype (Fig. [3](#ijc31310-fig-0003){ref-type="fig"} *c*). In addition, the mRNA expressions of M1 phenotype markers, such as Nos2,[27](#ijc31310-bib-0027){ref-type="ref"}, [28](#ijc31310-bib-0028){ref-type="ref"} Fpr2[29](#ijc31310-bib-0029){ref-type="ref"} and Cd86[30](#ijc31310-bib-0030){ref-type="ref"} were significantly upregulated after Aneustat treatment of RAW264.7 cells (Fig. [3](#ijc31310-fig-0003){ref-type="fig"} *c*). Together, these changes indicate that Aneustat induced differentiation of the RAW264.7 macrophages to the M1 anticancer phenotype.

![Effects of Aneustat on RAW264.7 macrophages. Mouse RAW264.7 macrophages were treated with Aneustat (200 μg/ml). Effect of Aneustat on (*a*) cell numbers at 24 hr and 48 hr; (*b*) cell morphology; (*c*) TNF‐α secretion at 48 hr and the mRNA expressions of Nos2, Fpr2 and Cd86 at 24 hr. The experiments were carried out independently (3×). \**p* \< 0.05; \*\*\**p* \< 0.001; NS: not significant.](IJC-143-419-g003){#ijc31310-fig-0003}

Effect of Aneustat on the numbers of intratumoral mouse host immune cells in LNCaP cell xenografts {#ijc31310-sec-0020}
--------------------------------------------------------------------------------------------------

In our study, we showed that a 3‐week treatment with Aneustat (1,652 mg/kg) of male athymic nude mice bearing subcutaneous LNCaP tumors markedly inhibited the growth of the tumors; there was no major host toxicity, as assessed by animal body weights and behavior.[18](#ijc31310-bib-0018){ref-type="ref"} Using preserved tissue sections of this experiment, the effect of Aneustat on the relative levels of mouse host NK cells and myeloid‐derived suppressor cells (MDSCs) were determined by IHC, using NK1.1[31](#ijc31310-bib-0031){ref-type="ref"} and Ly6G[32](#ijc31310-bib-0032){ref-type="ref"} markers, respectively. As shown in Figure [4](#ijc31310-fig-0004){ref-type="fig"}, the relative numbers of intratumoral NK1.1^+^ NK cells, the major functional cytotoxic immune cell subtype in nude mice,[33](#ijc31310-bib-0033){ref-type="ref"} were markedly higher in the Aneustat‐treated than in the control tissues; in contrast, the numbers of MDSCs, the immunosuppressive cells,[34](#ijc31310-bib-0034){ref-type="ref"} were significantly lower in the Aneustat‐treated than in the control tissues. The data show that treatment with Aneustat can increase the intratumoral levels of host anticancer immune cells and reduce the intratumoral levels of host immunosuppressive cells.

![Effect of Aneustat on the relative levels of mouse NK1.1^+^ cells and Ly6G^+^ cells in LNCaP xenografts. Athymic nude mice bearing LNCaP xenografts were treated for 3 weeks with Aneustat (1,652 mg/kg) or vehicle control. The numbers of NK1.1^+^ NK cells (*a*) and Ly6G^+^ MDSCs (*b*) in the xenografts were counted using a 400× magnification. \**p* \< 0.05; \*\*\**p* \< 0.001. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](IJC-143-419-g004){#ijc31310-fig-0004}

Effect of Aneustat on the numbers of intratumoral patient immune cells in first‐generation patient‐derived prostate cancer tissue xenografts {#ijc31310-sec-0021}
--------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether treatment with Aneustat has an effect on the relative levels of intratumoral patient immune cells, a first‐generation patient‐derived xenograft model of metastatic prostate cancer tissue was used (subsequent generations of xenografts would have been deficient in human immune cells). To this end, the xenograft‐bearing mice were treated, 10 days after grafting, for 3 weeks with vehicle control or Aneustat (1,652 mg/kg), an effective, non‐toxic dosage determined in our study.[18](#ijc31310-bib-0018){ref-type="ref"} No major host toxicity was observed. Quantification of patient immune cells in the xenograft tissues that positively stained for various human immune cell markers was used to assess the effect of Aneustat. As shown in Figure [5](#ijc31310-fig-0005){ref-type="fig"} *a*, Aneustat did not have a significant effect on the relative numbers of intratumoral patient CD8^+^ cytotoxic T cells. In contrast, as shown in Figure [5](#ijc31310-fig-0005){ref-type="fig"} *b*, Aneustat very markedly reduced the numbers of FOXP3^+^ Treg cells (by \>90%), thereby markedly increasing the ratio of intratumoral patient anticancer T cells to Treg cells in the Aneustat‐treated tissues. NK cells and MDSCs were identified by staining with NCR1 and CD33, respectively.[35](#ijc31310-bib-0035){ref-type="ref"}, [36](#ijc31310-bib-0036){ref-type="ref"}, [37](#ijc31310-bib-0037){ref-type="ref"} As shown in Figure [6](#ijc31310-fig-0006){ref-type="fig"}, the Aneustat‐treated tissues showed higher NCR1^+^ NK cell numbers compared to controls, whereas the MDSCs in the Aneustat‐treated tissues were lower in number than in the controls. Taken together, the data show that treatment of the first‐generation metastatic prostate cancer xenografts with Aneustat was associated with an increase in the numbers of patient anticancer immune cells and a decrease in the numbers of patient immunosuppressive cells.

![Effect of Aneustat on the relative levels of human CD8^+^ cells and FOXP3^+^ cells in first‐generation patient‐derived prostate cancer tissue xenografts. NSG mice bearing first‐generation prostate cancer tissue xenografts were treated for 3 weeks with Aneustat (1,652 mg/kg) or vehicle control. (*a*) The number of CD8^+^ T cells and (*b*) FOXP3^+^ Treg cells in the xenografts were determined using a 200× magnification. \*\*\**p* \< 0.001; NS: not significant. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](IJC-143-419-g005){#ijc31310-fig-0005}

![Effect of Aneustat on the relative levels of human NCR1^+^ cells and CD33^+^ cells in first‐generation patient‐derived prostate cancer tissue xenografts. NSG mice bearing first‐generation prostate cancer tissue xenografts were treated for 3 weeks with Aneustat (1,652 mg/kg) or vehicle control. (*a*) The numbers of NCR1^+^ NK cells and (*b*) the number of CD33^+^ MDSCs in the xenografts were counted using a 200× magnification. \**p* \< 0.05; \*\**p* \< 0.01. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](IJC-143-419-g006){#ijc31310-fig-0006}

Discussion {#ijc31310-sec-0022}
==========

Our study has demonstrated that Aneustat can markedly inhibit LNCaP prostate cancer growth *in vitro*, consistent with previously reported findings.[17](#ijc31310-bib-0017){ref-type="ref"}, [18](#ijc31310-bib-0018){ref-type="ref"} The arrest of LNCaP cell proliferation by Aneustat is likely a result of its inhibition of aerobic glycolysis (Figs. [2](#ijc31310-fig-0002){ref-type="fig"} *a*--2*c* and [2](#ijc31310-fig-0002){ref-type="fig"} *e*). Thus, as shown in Figure [2](#ijc31310-fig-0002){ref-type="fig"}, *in vitro* incubation of LNCaP cells with Aneustat led to substantial decreases in glucose consumption (∼82%), lactic acid secretion (∼56%) and downregulation of expression of major glycolysis‐related genes, i.e. *GLUT1* (encoding the glucose transporter), *LDHA* (encoding lactate dehydrogenase A) and *MCT4* (encoding a major plasma membrane transporter of cancer‐generated lactic acid[8](#ijc31310-bib-0008){ref-type="ref"}). The finding that Aneustat led to upregulation of genes of the glutaminolysis pathway (Supporting Information Fig. S1), suggests that this pathway was used by the LNCaP cells as an alternative route to generate more lactate. However, as the amount of glutaminolysis‐generated lactate in general is much smaller than the amount of lactate generated via aerobic glycolysis,[38](#ijc31310-bib-0038){ref-type="ref"}, [39](#ijc31310-bib-0039){ref-type="ref"}, [40](#ijc31310-bib-0040){ref-type="ref"} it would not greatly affect the inhibition by Aneustat of lactic acid secretion (Fig. [2](#ijc31310-fig-0002){ref-type="fig"} *b*). The finding that Aneustat inhibited the aerobic glycolysis of LNCaP prostate cancer cells confirms the gene set enrichment by GSEA results that treatment with Aneustat is negatively correlated with cancer cell glycolytic activity (Fig. [1](#ijc31310-fig-0001){ref-type="fig"} *d*). As cancer growth greatly relies on aerobic glycolysis,[41](#ijc31310-bib-0041){ref-type="ref"}, [42](#ijc31310-bib-0042){ref-type="ref"} the inhibition of aerobic glycolysis by Aneustat could be a major mechanism by which it inhibits the proliferation of LNCaP prostate cancer cells *in vitro* and *in vivo*.

Although Aneustat markedly inhibited the growth of LNCaP cell xenografts, it did not significantly inhibit the growth of patient‐derived LTL‐313H prostate cancer xenografts as we previously reported.[18](#ijc31310-bib-0018){ref-type="ref"} This discrepancy may tentatively be explained by basic differences between the two mouse models. The LNCaP xenograft model is based on nude, immuno‐compromised mice that still contain functional cytotoxic NK cells.[33](#ijc31310-bib-0033){ref-type="ref"} In contrast, the LTL‐313H PDX model is based on immunodeficient mice totally lacking functional immune cells. In our study, treatment with Aneustat was found to favor the host anticancer immune response. Consequently, the growth inhibition by Aneustat of the LNCaP xenografts may be based -- to some extent -- on Aneustat‐induced stimulation of cytotoxic NK cells. Other differences that play a role may include differences in responses to Aneustat between LTL‐313H and LNCaP prostate cancer cells and greater cancer heterogeneity in the LTL‐313H xenografts.

Historically, Chinese herbal preparations have been shown to possess medicinal benefits, including stimulation of the immune system.[43](#ijc31310-bib-0043){ref-type="ref"} In our study, it was found that Aneustat has immunomodulatory activity. Thus treatment with Aneustat led to differentiation of RAW264.7 macrophages to the M1 anticancer phenotype (Fig. [3](#ijc31310-fig-0003){ref-type="fig"}). Importantly, treatment with Aneustat of metastatic prostate cancer tissue xenografts and LNCaP xenografts led in both cases to marked changes in the levels of intratumoral host (patient/mouse) immune cells favoring the host anticancer immune response, i.e. a higher ratio of intratumoral cytotoxic T cells/Treg cells, higher numbers of intratumoral NK cells and lower numbers of intratumoral MDSCs (Figs. [4](#ijc31310-fig-0004){ref-type="fig"}, [5](#ijc31310-fig-0005){ref-type="fig"}, [6](#ijc31310-fig-0006){ref-type="fig"}). Similar changes in the levels of host immune cells have been reported for mouse melanoma allografts in immunocompetent mice when their lactic acid secretion was reduced (via specific depletion of glycolysis‐related LDHA the enzyme involved in the conversion of pyruvate to lactate).[10](#ijc31310-bib-0010){ref-type="ref"} In view of this, it appears likely that the immunomodulatory activity of Aneustat is based on reduction of cancer‐generated lactic acid secretion as obtained via aerobic glycolysis inhibition (Fig. [2](#ijc31310-fig-0002){ref-type="fig"}). As such, our study shows, for the first time, that Aneustat has immunomodulatory properties based on (i) ability to induce macrophage differentiation, and (ii) inhibition of aerobic glycolysis leading to reduced secretion of cancer‐generated lactic acid. The data are consistent with the GSEA results of the microarray data of LTL‐313H xenografts indicating that Aneustat affected the immune response (Figs. [1](#ijc31310-fig-0001){ref-type="fig"} *a*--[1](#ijc31310-fig-0001){ref-type="fig"} *c*).

Since treatment with Aneustat appears to favor the host anticancer immune response, as indicated by our study, it may lead to reduction of cancer‐induced immunosuppression in immunocompetent hosts. This suggestion is supported by the finding in the Aneustat Phase‐I clinical trial that treatment with Aneustat led to a reduction in the levels of immune suppression markers in patients.[16](#ijc31310-bib-0016){ref-type="ref"} Further studies are needed to establish the mechanisms of action underlying the immunomodulatory activity of Aneustat. Restoration of the host anticancer immune response by Aneustat should be beneficial for potential clinical therapy of advanced prostate cancers using docetaxel combined with Aneustat, as previously reported.[18](#ijc31310-bib-0018){ref-type="ref"}

Patient‐derived xenograft (PDX) cancer models are becoming widely used in cancer research, in particular subrenal capsule xenografts which show high fidelity to the original patient tumors with regard to histopathology, tumor heterogeneity, tissue architecture, gene expression profiles and tumor aggressiveness.[44](#ijc31310-bib-0044){ref-type="ref"} The main limitation of PDX models is the absence of a functional immune system, making them unsuitable for comprehensive immunological studies.[45](#ijc31310-bib-0045){ref-type="ref"} However, as shown by our study, first‐generation PDX models contain a variety of tumor‐infiltrated patient immune cells (Figs. [5](#ijc31310-fig-0005){ref-type="fig"} and [6](#ijc31310-fig-0006){ref-type="fig"}), as distinct from later generation models that do not have this feature, since patient immune cells vanish on serial propagation of the xenografts. As such, first‐generation PDX models may provide use for limited immunological studies such as investigations of the effect of candidate drugs on the levels of the patient immune cells. They may find application in screening drugs/compounds for immunomodulatory properties.

In conclusion, our study has shown that Aneustat has immunomodulatory activity, as indicated, in particular, by its induction of a shift in the levels of intratumoral host immune cells which favor the host anticancer immune response. This immunomodulatory activity appears to be based on Aneustat‐induced inhibition of aerobic glycolysis leading to a reduction in the secretion of cancer‐generated lactic acid and hence reduced acidification of the tumor microenvironment. Furthermore, first‐generation patient‐derived cancer tissue xenograft models may be used for screening immunomodulatory activity of compounds.
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